
Lecture 7
· Review

· Recombination and decepting of
photons (origin of CMBL
· Decoupling a neutrinos (briefly)



Review

-Hp=I col. --P(n-neq)6
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->Explicit example with ete>55
Tout - 10 kel



· Recombination and decepting of
photons (origin of CMBL

In the early universe atoms are highly
ionized, there are a lotof free
charges and the plazuma is not transparent
to photons. At some pointthe

temperature falls below the binding
energy or the Hydrogen atom, so
it becomes lavourable for them
to form:

P +e -> H +y

finding energy I
=13.6 eV (1.5.105k)

Note that by that time all anti-matter
hasanphilated.

After most charges are in the atoms

photons propagate freely -> Universe



becomes almost transparent. The time-

slice when "the last"scattering occurs

is called the lastscattering surface.
CMB is a snapshot of the last

scattering surface.

In more details, the densities follow
Saha's equation, when in thermal eq.

N-(t)e
- E

+
Let's derive it:

Ne=ge()*e
Isame low p, H)



ge
=

9p=2 qn
=4

Chemical equilibrium:Mp+Me=MH
M =0). Otherwise the reaction

would change the distribution.

Now we can computer Ne
NH

Nextwe follow the following logic:
We assume that plasma is in equilibrium
and look for the temperature of
decoupling of the Thompson scattering:

er ->ef -
this is a simplification. See
Rabahov Gortonnor I, ch6 low a more

precise treatment.



Nevertheless, let us proceed:

Neutrality of the 4: Re=Up,

substituting into Saha gives
I

Ne=Nr(n) e-zi
Now we need to determine the
number of Baryons

Na+Np= const, as we will

see soon NpNH at 4 or interest

(host atoms recombined)
the ration of Baryons to photons

is a very important lactor in cosmology.
It is given by

y
=m =6.10



!It is determined from CMB, BBN I
etc., we will discuss later. (
Also traction of the is -25%

We get
Dr =0.75.y2T

Remember that R =< Jrenev>

We need cross-sections?

Fre-
this is why we can neglect

2423
Jrp =E Mp>> me

3 up I

We get

r =dehev)



Substitutingin P=H equation we get?

Be-E ↑2
-

No

Two will see shortly that we are

in MD, so eg. low it is again an
approx.I

B =a*yxz()"z()*
Lets find the temperature:

=-E
-x

H
xY=1.2.10-12

x=27

I4
==

=0.25e (3000k)I
2.27



temperature of CMB boday: 2073K =

= Eren = E =1100

1 Matter - radiation equality: Eeg = 3000).
->Recap the approximations...

Neutrinos

I are very weakly interacting
- ~10-18
Fo at E- IMeW

de -> be

Earth and Sun are transparent for dis



However, in the
very early 1. 0's

were thermalized -> there is also

a lastscattering surface los p's, same
asfor photons, just happens earlier.

-> Atsome point people thought that
is can be dark matter, but now
we know it is notthe case due
to more precise measurements.

Let us calculate the temperature
and number density of Neutrinos.

Neutrino's cross-section:

Low-GEE, Gr=tottet

T =ewwVh>-GRTTY

r =H -> +=(GFMo)" -2Met



Neutrinos are relativistic at decoupling,
but are non-relativistic now. Nevertheless

they are described by the relativistic

distribution with expective temperature

Tr.o =T (this is what

makes them

a Gad DMI
&Itis still possible
that one I is massless

Importantly TP,0 Ty, 0

this is because etcannihilation into Is
happens after 8 decoupling, et ande-
increase the temperature of photons out
not of neutrinos.

- To compute by how much we

can use entropy conservation

get a=cust

gat(T,) =2+E(2+2) =E



got (40) =2

=(crit)=(*e
=>T1,=2k

Cosmological bound on 0 masses

P0.o
=M.N., if Mr> T10

-fermions 3

Mr= n =4r(I)=
c

->E4r (for each species)

Or,=Em ro
For O's not to be all DM we get



Im = lOeV

More detailed cosmological bounds

give Emi 20.2 et (stronger than
directeyp.)


